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Abstract. A three-dimensional mesoscale meteorological model was used to study the

interplay between the dynamical (turbulent mixing and advection) and physico-chemical
(sea-air flux and photochemical sink by OH) processes that control dimethylsulfide DMS
concentrations and their distribution in the marine boundary layer (MBL) during the First

Aerosol Characterization Experiment ACE 1. Atmospheric DMS concentrations were
constrained using observed seawater DMS concentrations and box model derived OH
concentrations. Lateral boundary values of dynamical parameters were derived from the
6-hourly meteorological analysis of the European Centre for Medium-Range Weather
Forecasts. Calculated DMS concentrations, wind speed and direction, and cloud cover
were compared with measurements made aboard the R/V Discoverer and on the three
NCAR/C130 aircraft flights during the LagB experiment. Model-generated atmospheric
DMS concentrations agreed with the DMS observations from the NCAR/C130 aircraft
flights during the LagB experiment (R?> = 0.69) assuming OH is the only oxidant and
DMS flux parameterization based on Liss and Merlivar [1986]. Comparison with Eulerian
measurements made aboard the R/V Discoverer showed that the model simulated the
range of observed values but not the hour-to-hour variation observed in the atmospheric
DMS concentrations. Part of the discrepancy was attributed to uncertainties in DMS
sea-to-air transfer velocity, small scale features of seawater DMS that are beyond the model
resolution, and uncertainties in the venting of the boundary layer by shallow clouds. A
quantitative budget at the ship location revealed a strong impact of advection processes
in determining DMS levels and temporal evolution. The three-dimensional mesoscale
meteorological model was also used to estimate the effect of the low spatial resolution used
in global models on seawater DMS concentrations and atmospheric OH concentrations.

1. Introduction

Oceanic dimethylsulfide is thought to be the major source
of non-sea-salt cloud condensation nuclei (CCN) in the re-
mote marine troposphere and thus may play an important
role in global climate regulation [Charison et al., 1987]. The
climatic significance of this marine source of CCN is cur-
rently difficult to quantify due to an inadequate understand-
ing of the chemical and physical processes linking seawa-
ter DMS concentrations with the formation and evolution of
aerosol particles [Bates et al., this issue (2)].
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It is difficult from Eulerian observations alone to quan-
tify the interplay of the various processes at work in the ma-
rine boundary layer (MBL). Lagrangian observations [Hue-
bert et al., this issue] and one-dimensional models [Suhre et
al., this issue] provide a framework to evaluate these chem-
ical and physical processes in a specific air mass. However,
they do not provide a mean to assess the regional and tem-
poral variations of these processes. Three-dimensional mod-
els can fulfill this need as they integrate the controlling pro-
cesses and feedbacks. In particular, three-dimensional mod-
els can respond to the need for spatial and temporal distribu-
tions of DMS and ultimately CCN by incorporating physico-
chemical and dynamical processes in the same framework.

Here we present a three-dimensional (3-D) mesoscale me-
teorological model that was developed to investigate the
relationships between the emission, atmospheric transport,
chemical removal processes, and the resultant distribution of
DMS during the ACE 1 LagB experiment. The model is ap-
plied over the limited oceanic area covered during the ACE 1
intensive study. The high spatial (20 km X 20 km) and tem-
poral (time step 20 s) resolution of the model allows a di-
rect comparison of the simulations with in situ observations
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made on board the NCAR C-130 aircraft and NOAA ship

Discoverer. On the basis of these comparisons, we evaluate
two different DMS flux parameterizations that are frequently
used: Liss and Merlivat [1986] (hereafter LM86) and Wan-
ninkhof 119921 (hereafter W92).

One imponam aspecz of the 3-D mesoscale model is the
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I i of nl
htleife CU Kbay

mixing or wind speed affect observed DMS levels. Bates et
al. [1990], Andreae et al. [1994] and Ayers et al. [1995]
correlated high DMS concentrations with a sharp increase in
wind speed which in turn affects the sea-air exchange rate.
Berresheim et al. ;’1990} found a dramatic diurnal varia-
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tion in measured DMS due to a decrease in MBL aepua.
Such observations confirm the short timescale response in
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atmospheric DMS levels to local variability in meteorclog-

ical parameters, for examples changes in local wind speed
or mixing depth in particular. Because of its lifetime (rang-
ing from several hours to days), DMS can be advected over a
fairly long distance. Advection of an air mass coming from a
biologically productive region, richer in atmospheric DMS,
may induce an increase of DMS concentrations at the loca-
tion of measurement, without a local increase in wind speed
or seawater DMS concentration. On the other hand, deeper
turbulent boundary layers, advected toward a site of mea-
surement results in a decrease in DMS concentrations with-
out any local changes in the sea-air flux or oxidant concen-
trations. Thus there is a strong interplay between the relative
effects of the sea-air flux, chemical oxidation by OH, tur-
bulent mixing in the MBL, and advective transport on the
atmospheric DMS distribution. In this paper we focus on
these processes during the ACE 1 LagB experiment.

One major application of mesoscale models is to better
understand the physical processes and to derive better sub-
grid parameterizations for global models. Consequently,
mesoscale models are expected to play the role of interme-
diate tools between locally measured properties and global
effects. From this point of view, one question is to address
the sensitivity of global models to subgrid (mesoscale) pro-
cesses. We address this question for the physico-chemical
terms (sea-air flux and oxidation by OH) in two ways. First,
we test the sensitivity of the model to different parameteriza-
tions of hydroxyl radical concentrations and sea-air flux with
increasing levels of complexity: averaged hydroxyl radical
(OH) from a global model and in situ OH from a box model,
latitudinal seawater DMS spatial distribution, and seawater
DMS distribution derived from measurements. Second, we
derive the contribution of global model subgrid scale pro-
cesses by doing spatial averaging on modeled mesoscale
fields.

2. Model Description
2.1. Meteorological Model

The mesocale model (Meso-NH) used in this study is a
limited area meteorological model based on the Lipps and
Hemler [Lipps and Hemler, 1982} modified anelastic system
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described by Lafore et al. [1998]. Only a short overview
is presented here (see also Suhre et al. [this issue], for 1-D
lagrangian simulations with the same model).

Meso-NH allows for on-line transport and diffusion of
chemical components Water vapor, clouds and rain water
contents and scalar fields are advected online using a p()bl-
tive advecuon scheme. We use the Multidimensional Posi-
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positiveness of the advection scheme by using a limiting fac-
tor for the advective flux (see Lafore er al. {1998] for more
details). The calculation of the limiting factor is inspired
from Smolarkiewicz [1989].

Subgrid scale transport, in particular transport due to cloud
processes, is incorporated into the model in several ways.
First, the turbulent state of the atmosphere is explicitely
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energy. The turbulent mixing (eddy) coefficients that are
used to transport all mode] variables are set proportional to
the square root of the turbulent kinetic energy and a mixing
length [ [Stull, 1988]. The eddy diffusion coefficient that is
used for water vapor is applied for DMS. The mixing length
[ is determined as a nonlocal function of atmospheric stabil-
ity by the distance that an air parcel with a given turbulent
kinetic energy could travel upward or downward before be-
ing stopped by buoyancy [Bougeault and Lacarrére, 1989].
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as condensational heating will release extra energy into the
rising air parcel and thereby allow for larger mixing lengths.
Various descriptions of appropriate length scales for eddies
I-k have been suggested for differing cloud and cloud-free
boundary layers. While Bougeault et al. [1981] indicated
that a special formulation of the directionality and length of
eddies was appropriate for unstable, broken cumulus cloud
layers, the model used a universal formulation for simplicity.
The penetrative effects of such coud updrafts can cause sub-
stantial transports of tracers over a larger distance, an effect
which ordinarily requires different equations than the diffu-
sion terms used at the 20 km grid scale, or possibly, very
specialized choices of I-%.

Second, a fractional cloudiness scheme is used in order
to allow the simulation of clouds in a grid box which is
not saturated on average {Bechtold et al., 1992]. This is of
particular interest for representing scattered cumulus clouds
that would otherwise be ignored by the model. This scheme
increases the activity of subgrid scale turbulent mixing in
clouds (represented by the eddy diffusion coefficients) by
means of the buoyancy flux term that appear in the turbu-
lent kinetic energy equation. Third, the radiation scheme
used in this model [Morcrette, 1989] calculates the visible
and infrared upward and downward radiative fluxes. In the
presence of stratocumulus clouds, infrared cooling at cloud
top will lead to a destabilization of the potential tempera-
ture profile in the cloud and enhance turbulent transport in
these regions. Fourth, a deep convection scheme [Kain and
Fritsch, 1990] is used in order to model deep cumulunim-
bus convection. This scheme does not allow in its present
version the transport of chemical species and is used here
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only for the dynamical simulation. Although, both deep and
shallow convective transport are certainly important in tropi-
cal regions [Chatfield and Crutzen, 1984; Wang et al., 1995]
and in midlatitudes [Chang et al., 1987; Brost et al., 1988;
Brost and Chatfield, 1989], its impact should be minor dur-
ing LagB. In fact, LagB was started well after the passage of
a frontal system, and the convection scheme was never active
within the LagB region at the time of the experiment. More
recent work has been extended the analysis of the mass-flux
(nonlocal) schemes for subgrid clouds transport of scalars
[Siebesma et Cuipjers, 1995; Petersen et al., 1998], some of
these formulations are particularly attractive for future inclu-
sion in Meso-NH.

In clear-sky conditions, the boundary layer top is assumed
to be at the altitude where modeled turbulent kinetic energy
is reduced to 0.01 m? s~2. Under cloudy conditions, ma-
rine boundary layer height is assumed to go up to the top of
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Lateral boundary conditions for meteorological
variables are obtained through coupling with the large-scale
fields provided by ECMWF analysis (every 6 hours), that
incorporate in particular radiosoundings and surface obser-
~ vations made aboard the R/V Discoverer.

A diffusion operator is applied to the fluctuations of the
prognostic variables (the fluctuations are defined here as the
departure from the large scale value (see below)). The dif-
fusion operator is a fourth-order operator used everywhere
except at the first interior grid point where a second opera-
tor is substituted. A lateral sponge zone and a top absorb-
ing layer are also defined in terms of fluctuations from large
scale fields. During inflow conditions, boundary values for
DMS are calculated, at each time step, as a weighted func-
tion of the five nearest grid points into the domain. The verti-
cal model grid extends from the Earth’s surface to the lower
stratosphere and includes 62 altitude levels, with 38 of them
below 3000 m, the first level being at 10 m, and the last one
at 13 km. The horizontal resolution is 20 km x 20 km. The
number of grid points in the horizontal x and y directions is
80 x 60, thus covering an area of 1600 km x 1200 km.
The domain is centered at 47°S-141°E. The grid was cho-
sen so that the LagB experiment is located in the southeast-
ern part of this domain. On the basis of the average wind
direction during the simulation period (westerly turning to
northerly at the end of the period) and a DMS lifetime of 1
day in the MBL [Bates et al. [this issue (b)], the air mass
that was sampled during LagB had already spent at least one
day in the model domain, which minimized the influence of
boundary conditions.

Integration is performed with a time step of 20 s for 2
50 hour period from December 7, 1995, at 0000 UTC to
December 9, 1995, at 0200 UTC. This period includes a
cold front passage through the domain, followed by clear-
sky postfrontal conditions where the LagB experiment took
place. We focus our attention on the last 29 hours, corre-
sponding to the LagB period. The first 21 hours of the sim-
ulation is close to the spin-up time required for the model
to forget initial conditions, in particular atmospheric DMS
concentrations. A more improved version of the model is
planned which will include coupling with a global model to
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provide initial and boundary conditions for DMS concentra-
tions at mesoscale.

2.2. DMS Production and Destruction in the
Troposphere

The model creates its own DMS field from the transport,
forced solely by the inputs of ECMWF data at the bound-
aries, the surface flux constrained by seawater DMS, and
the oxidation by prescribed OH concentrations. Different

4,
parameterizations of seawater DMS, gas transfer velocity,

and OH concentrations are 1mpiemented in the model. Ac-
cording to these parameterizations, we define four scenar-
ios with a corresponding strategy: (1) a reference case, in
which sea-air fluxes are calculated with measured seawater
DMS concentrations and the LM86 transfer velocity param-
eterization, the OH diurnal cycle being derived from box
model calculations accounting for modeled cloud cover; (2)
a "global OH” case, in which OH radical concentrations are
prescribed using monthly and zonally averaged values, sim-
ilar to global models; (3) a "latitudinal DMS” case, similar
to the reference case, but using zonally averaged seawater
DMS distributions, similar to most global model approaches,
and OH radical concentrations from the "global OH” case;
(4) 2 "Wanninkhof” case, similar to the reference case, but
using the W92 parameterization for gas transfer velocity. A
full description of these four scenarios is given in the follow-
ing sections.

2.2.1. Photochemical DMS oxidation. Although, there
are still major uncertainties concerning atmospheric DMS
chemistry, previous studies [Yin et al., 1990; Turnispeed and
Ravishankara, 1993; Berresheim et al., 1995; Ravishankara
et al., 1997] have shown that OH is the dominant oxidizing
agent for DMS in the clean and remote atmosphere. In this
paper, we assume that DMS chemical consumption is solely
due to oxidation by the OH radical. Atmospheric removal of
DMS by reactions with NOg radicals are assumed to be neg-
ligible at the typically low NOy concentrations encountered
in the Southern Ocean (T. Carsey, personal communication,
1997). The rate of chemical loss L is given by

L = —k[OH] [DMS]

where k is the rate constant [Hynes, 1986] and [OH] is the
hydroxyl radical concentration. Because of computational
costs and in the absence of sufficient data to constrain a
full chemical scheme in 3-D, we have chosen to prescribe
OH concentrations. Two different parameterizations for OH
have been implemented in the model.

The first method, corresponding to the reference case, ad-
justs the OH concentration based on the cloud cover calcu-
lated by the 3-D model. A box model is run under a set
of configurations representing the different marine bound-
ary layer and free troposphere conditions encountered during
ACE 1. OH concentrations are then calculated as a function
of cloud optical thickness using the radiation model from
Madronich [1987] coupled with the box model. Figure 1
shows the sensitivity of modeled OH concentrations to vari-
ation in latitude and optical thickness. Between 41°S and
51°8, for a cloud optical thickness of 10, noon OH levels de-
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Figure 1. Results from box model calculations of the OH
concentration in the MBL at local time of day. The OH di-
urnal cycle is represented for three values of optical thick-
ness (0.,10.,100.) at latitude 45°S and four values of latitude
(41°8,45°8, 49°S, 51°S) for a cloud optical thickness equal
to 10.

crease by about 20% compared to clear-sky conditions. This
decrease can be as high as 86% for an optical thickness of
100. At each time step and for every cloudy column in the
model, optical thicknesses are deduced from modeled lig-
uid water content following Fouguart et al. [1990]. Below-
and above- cloud OH concentrations are then deduced from
the previous box model calculations. The below-cloud OH
concentrations are also used inside and up to the top of the
cloud.

The second method uses monthly and zonally averaged
OH concentrations for January, calculated from the 3-D pho-
tochemical model of Spivakovsky et al. {1990]. These con-
centrations are modulated with a semi-sinusoidal diurnal cy-
cle. Such parameterization leads to an underestimation of
OH concentrations in the marine boundary layer under clear-
sky conditions since cloud effects are averaged over the 1
month period.

In Figure 2, both seasonal averaged and box model de-
rived OH concentrations are compared with aircraft mea-
surements during LagB. Flight 24 took place in a clear air
mass, starting on December 7 at 1947 UTC and ending on
December 8 at 0421 UTC. Flight 26 was cloudy starting
from December 8 at 2001 UTC and ending on December 9
0352 UTC. Comparison in Figure 2 clearly shows an under-
estimation of the OH values by the first method (seasonal av-
erage) during Day of December (hereafter DOD) 8.0 (about
53% lower than the box model concentrations), whereas box
model results are in good agreement with the measurements.
On the other hand, during DOD 9.0 the seasonal averaged
OH concentrations better fit the measurements. As will be
shown in section 3., the model tends to overpredict the cloud
water mixing ratio at the end of the LagB trajectory and con-
sequently, the modeled cloud optical thickness. The high op-
tical thickness obtained during DOD 9.0 (60) induces an un-
derestimation of box model derived OH concentrations. OH
concentrations are very sensitive to cloud optical thickness
and thus to modeled liquid water content. Simulation of OH
concentrations could be improved by the use of a detailed
chemical scheme and radiative code in the 3-D model.

2.2.2. DMS emission at the sea surface. Up to now,
no techniques have been successful for direct measurements
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of the flux of DMS from the ocean to the atmosphere. Thus
other methods have to be applied to estimate this flux. Bares
et al. [1987a] derived an empirical relationship between
DMS fluxes and the amount of solar radiation at the Earth’s
surface. According to this relationship, Erickson et al. [1990],
Benkovitz et al. [1994] and Pham et al. [1995] derived the
distribution of DMS emissions from the solar radiation in
global models.
Langner and Rodhe [1991], Feichter et al. [1996] and Chin
et al. [1996] calculated the oceanic DMS emissions as the
product of latitude-averaged seawater DMS concentrations
and sea-air exchange velocity. Here we calculate the DMS
flux via this simple parameterization stating that the flux is
determined by the product of the seawater DMS concentra-
tion and an exchange coefficient, which is calculated in the
model as a function of the 10 m wind speed.

2.2.2.1. DMS exchange coefficient. We use two dif-
ferent sea-air transfer velocities, calculated from the model
10 m wind speed and sea surface temperature. The first one
[Liss and Merlivar, 19861, used in the reference case, uses
three linear equations, reflecting different modes of gas ex-
change as a function of wind speed. The second one [ Wan-
ninkhof, 1992] is based on the assumption of a quadratic de-
pendence on wind speed. Both expressions of transfer ve-
locity are derived for CO, fluxes and are scaled to DMS in
the model using the Schmidt number [Saltzman et al., 1993].

2.2.2.2. Seawater DMS concentrations.  Seawater
DMS concentrations were measured during the ACE 1 inten-
sive operation period (November 15 to December 15, 1995)
aboard the R/V Discoverer. The measurements covered a
large region from 36°S to 56°S and 128°E to 161°E, in-
cluding the model domain (see Bates et al.this issue (b),
Figure 1] for the whole area of measurements). As shown
by the ship’s route in Figure 3, measurements were unevenly
distributed over the area. To constrain the value at the side
boundaries before performing any interpolation, we deduced
a latitudinal gradient of seawater DMS from the raw data.
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Figure 2. Results from measurements of OH concentra-
tions during Lagrangian B flights (diamonds) at UTC. The
measurement precision was 42%. The solid line represents
the results from box model calculations for modeled optical
thicknesses of 0 and 60 for December 8 (cloud free) and De-
cember 9 (cloudy), respectively. The dashed line represents
OH concentrations deduced from seasonal averaged data as-
suming a semi-sinusoidal diurnal cycle.
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Figure 3. Seawater DMS concentrations from measure-
ments made on board the R/V Discoverer during the inten-
sive operations of ACE 1. Crosses represent ship’s position
where seawater DMS observations were performed. Con-
centrations are given in nM.

Figure 4 shows this latitudinal gradient as a linear regression
of the averaged seawater DMS concentrations on 0.5 © lati-
tudinal intervals. This gradient was applied at the outer do-
main boundaries (at longitude 128°E and 161°E), whereas
fixed values were applied along 56°S (0.14 nM) and 36°S
(3.22 nM). With these boundary conditions added to the ini-
tial data set, an inverse distance averaging technique was
carried out to interpolate data values on the grid. In this
technique, points were weighted by the function w = 1/d*
where d is the distance to the point. If several data points
fell in the same grid cell, the value of that grid cell was
the average of the several values. Figure 3 shows the result
of the interpolation of seawater DMS on the model domain
only. Note that we neglected the seasonal variation of DMS
seawater concentration during the month of measurements
[Bates et al., this issue (b)].

3. Model Results and Comparison With
Observations

Before testing the interplay between dynamical and
physico-chemical processes that control DMS concentra-
tions and their distributions in the MBL on the mesoscale,
we test the ability of the model to reproduce measured DMS
concentrations by comparing model results with data from

seawater DMS (nM)

—45 —40

N/

=n
o3V

lctitude {degree)

Figure 4. Latitudinal seawater DMS gradient (solid line)
derived from a linear regression on 0.5°-latitudinal-averaged
concentrations (stars).
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the NCAR/C130 aircraft and the R/V Discoverer during the
LagB period. Meteorological fields that play an important
role in determining the DMS concentrations are discussed
such as wind speed, wind direction, and cloud water. In this
section, we present modeled time series of DMS fluxes, at-
mospheric DMS concentrations, and meteorological param-
eters following the ship and the Lagrangian trajectory.

3.1. Comparison With C-130 Observations

3.1.1. Meteorological fields. In order to assess the
accuracy of the model-predicted Lagrangian trajectory, we
have initialized a passive tracer at the beginning of LagB,
at 45.5°S-144.1°E on December 8 at 0200 UTC. The tracer
was introduced with a maximum concentration at that point
and a horizontal gaussian decrease over a 1° domain. The
center of mass of that tracer was followed at 400 m above
sea level, which corresponds to the mean level of the LagB
balloons (Figure 5).

The tracer study shows good agreement between the mod-
eled and observed trajectories which gives us confidence in
the model’s ability to correctly reproduce advective trans-
port. In particular, the model is able to predict the sudden
change in wind direction which occurred at 48.5°S-146.3°E.
Nonetheless, the tracer moves somewhat faster than the bal-
loons and arrives at the end of LagB about 4 hours in advance
of the balloons (on December 8 at 2200 UTC rather than on
December 9 0200 UTC, i.e. 14% faster). In the following
analysis, when comparing observed and simulated profiles,
we extract model data following the trajectory of the tracer
rather than the balloons. This strategy assures that we are
actually looking at the same air mass from a model point of
view, since this modeled air mass moves faster than the bal-
loons. Flight 24 started before the balloon were launched.
In order to compare our mode] results with all C-130 sound-
ings, we extrapolated the tracer trajectory back to December
7 at 2100 UTC, just before the first aircraft sounding of flight
24. Comparison with observations is performed until De-
cember 8 at 2200 UTC which corresponds to the beginning
of flight 26.

latitude
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Figure 5. Trajectories of the three balloons during LagB.
Diamonds represent the trajectory of the center of mass of
a tagged air mass in the model. The trajectory was extrapo-
lated to include the beginning of flight 24 (crosses).
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Figure 6. Simulated cloud water mixing ratio in g/kg for
height between O and 12 km, along the LagB trajectory. Ver-
tical distributions are displayed from December 7 at 2100
UTC to December 8 at 2200 UTC. Contour intervals are 0.,
0.05,0.15,0.25, 0.35, and 0.45 g/kg. The vertical grid incre-
ment is 500 m below 2000 m and 5000 m above. (See Suhre
et al. [this issue, Figure 4]) for observations.)

Clouds play an important role in the parameterization of
OH concentrations used in our model. Consequently, the
ability of the model to correctly reproduce the presence of
cloud is crucial. Figure 6 shows the modeled cloud cover.
We found that it is in qualitative agreement with observed
data (see Suhre et al. [this issue], for a presentation of the
observed liquid water profiles). During flight 24, a thin cloud
is simulated at low altitude (300 and 400 m) and persists un-
til December 8 0000 UTC, with low cloud water mixing ratio
(less than 0.05 g/kg). Then, clear sky is predicted until De-
cember 8 at 1200 UTC. According to the observations, no
clouds were encountered during the flight 24. During the
vertical sounding on December 8 at 2130 UTC in flight 25,
clouds are predicted at the correct level (500 m) with a cloud
water mixing ratio of 0.13 g/kg which is nearly twice the ob-
served values (0.07 g/kg at 500 m). During the beginning
of flight 26, the model predicts two cloud layers. The first
one extends from 200 m up to 900 m with 2 maximum value
of cloud mixing ratio (0.3 g/kg) at 700 m on December &
at 2000 UTC. The mixing ratio then decreases to 0.15 g/kg
at 500 m on December 8 2200 UTC. The second layer ex-
tends from 1000 to 2000 m with a maximum cloud water
mixing ratio of 0.4 g/kg at 1700 m which is higher than the
observed 0.25 g/kg. Two layers were actually observed dur-
ing the late soundings of flight 26. Additional thick clouds
are predicted at the upper levels, with cloud bases at 7500
m from December 8 at 1700 UTC, decreasing down to S000
m on December 8 at 2200 UTC, in agreement with the air-
craft observations. The C130 actually crossed an altostratus
cloud layer during its descent to the balloons. The model is
thus able to simulate the occurrence of clouds at the corre-
sponding levels although it tends to overpredict cloud water
mixing ratios along the LagB trajectory.

Wind speed is properly reproduced by the model: the me-
dian simulated-to-observed ratio (hereafter MSOR) is 1.1
(quartiles are 0.9 and 1.2). In particular, the model captures
the increase in surface wind speed from 5 to 13 m/s dur-
ing night of December 8. However, the model overestimates
wind speed at the end of LagB by 15%, but still succeeds
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in the simulation of wind direction (MSOR is 1.0, quartiles
0.9, 1.1).

We now turn to the comparison of atmospheric DMS pro-
files and temporal evolution obtained along the simulated
trajectory with observations from the C-130.

3.1.2: Atmospheric DMS vertical profiles and tempo-
ral evolution. DMS profiles in the reference case are com-
pared with the observations made up to 1.5 hours on either
side of the modeled time for flights 24, 25, and 26 in Figure
7. The measurement precision was approximately 1 pptv.
During flight 24, a2 mixed DMS rich MBL is simulated up
to 500 m, in agreement with the measurements. Modeled
concentrations in this DMS rich lower layer agree generally
well with the observations during soundings 24A and 24X.
MSOR of DMS concentrations below 500 m is 1.0 (quartiles
0.9 and 1.02) for sounding 24A and 0.95 (quartiles 0.8 and
1.2) for sounding 24X. For the last two soundings of flight
24, DMS concentrations under 500 m are underpredicted by
17% during sounding 24Y and 25% during sounding 24B.
During flight 25, the DMS rich MBL has reached 600 m.
Values in the DMS rich MBL compare well: MSOR is 1.0
(quartiles 0.9 and 1.1) for both soundings 25A and 25B. In
flight 26, the model tends to underpredict DMS concentra-
tions on December 8 at 2100 UTC. In the lowest 300 m,
MSOR is 0.77 (quartiles 0.7 and 0.8).

A direct comparison of aircraft DMS observations with
simulated DMS concentrations (Figure 8) gave a linear re-
gression of model equal to 0.744 = observation + 10.18 with
an R? = 0.693. The model-simulated concentrations are
based on the assumption that OH is the only significant DMS
oxidant. Any additional atmospheric DMS sink would re-
quire a respectively higher DMS ocean source. It is impor-
tant to recall the considerable uncertainties in current esti-
mates of sea-air flux of DMS. One major uncertainty in the
simulation of atmospheric DMS concentration is generated
by the problem associated with the calculation of the trans-
fer velocity, particularly in regions where temporal and spa-
tial variation can be significant as during ACE 1 experiment
[Turner et al., 1996]. In this paper, we use the two most
widely used parameterizations, LM86 and W92, which are
expected to cover the range of possible values for transfer ve-
locity [Liss et al., 1997]. Some authors [Bates et al., 1987b;
Berresheim, 1987; Andreae, 1990] used the formulation of
Smethie et al. {1985] to evaluate the transfer velocity. They
found values which are about 25% higher than the LM86
method. Chirn et al. [1998] found DMS concentrations 25%
lower with LM86 than by using the parameterization of Tans
et al. [1990]. More generally, most of the formulations,
based on experimental approaches, give results that broadly
agree within a factor of 2. Recent studies have demonstrated
that it is difficult to use wind speed alone to determine the
sea-air exchange [Chin et al., 1998]. It has been proposed
that other parameters such as surface temperature, but also
sea state, sea surface microlayer, sea surface organic films,
chemical reactions in surface seawater, thermal stability, and
other parameters that are not yet identified could control the
sea-to-air transfer velocity. The details of how these parame-
ters influence the transfer velocity are not clearly understood
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Figure 7. Vertical profiles of predicted DMS concentration (reference case) for each aircraft sounding
during LagB (LDT equal to UTC + 1100). Diamonds are DMS concentrations measured aboard the
NCAR/C130 during each specific flight. Crosses are DMS concentrations measured at 1.5 hours on
either side of the modeled time. Concentrations are given in pptv. Measured DMS concentrations have a
precision of 1 pptv. (See also Suhre et al. [this issue, Figure 12]).

[Erickson, 1993]. Further work needs to be done on the de-
termination of transfer velocity to improve the parameteriza-
tion of sea-air flux in regional and global model.

Major differences between modeled and observed profiles
in Figure 7 occur above the mixed DMS rich layer (be-
tween 500 and 1200 m). This may be a result of insufficient
cloud transport within the marine boundary layer. The model
simulates a second layer of higher concentrations (about 10
pptv) at 1500 m. During sounding 25B, low values of DMS
(5 pptv) were measured at 1500 m which are well repro-
duced by the model in this upper layer. DMS at this upper
layer could have been advected from other areas influenced
by convective upward transport [Eisele and McMurry, 1997;
Chatfield and Crutzen, 1984; Ferek et al., 1986] by the low-

S

level clouds actually observed in the area [Hainsworth et al.,
this issuel.

A portrayal of the Lagrangian is presented on Figure 9.
Modeled seawater DMS, DMS flux, and wind speed at the
surface are illustrated in Figure 9a. Note that during the
LagB experiment, Discoverer remained at the beginning of
the lagrangian trajectory. The ship started moving south-
east on December 9, 1 day after the Lagrangian experiment
started. Thus observations of seawater DMS shown in Fig-
ure 9a have been collected on DOD 9.0 along the LagB tra-
jectory. The prescribed and measured seawater DMS con-
centrations compare well with MSOR 1.1 (quartiles 0.9 and
1.4) although the seawater DMS concentrations in the model
strongly underpredict measurements between DOD 8.05 and
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Figure 8. Comparison of aircraft observations with model-
simulated DMS concentrations covering the period from
sounding 24A to 26A. Model results were stored every 1
hour for each model level at the center of the tracer mass. All
observations were then compared with closest stored model
results.

8.2. Seawater DMS concentrations decrease from 2.5 nM on
December 8 at 0500 UTC to 1.2 nM on December 8 at 2200
UTC below the Lagrangian trajectory as the air mass is mov-
ing toward higher latitudes. In contrast, wind speeds at the
surface increase from 5 to 14 m/s at the same time leading to
an enhancement of the sea-air flux from 0.5 ymolm~2d~*
to 5 pmolm—24-?

Variations in atmospheric DMS concentrations over the
26 hour period of LagB (at differents levels below 1200
m) show that the model is able to capture time changes
at a small scale (Figure 9b). Below 250 m, atmospheric
DMS concentrations strongly reflect the variation of sea-air
flux. DMS emissions and atmospheric concentrations both
increase from Dec 8 at 0330 UTC. Modeled concentrations
slightly underestimate the observations (MSOR is 0.9, quar-
tiles 0.8 and 1.0). Above 250 m and below 500 m, similar be-
havior is simulated in agreement with observations (MSOR
is 1.0, quartiles 0.9 and 1.3). Above 500 m and below 1200
m, average DMS concentrations slightly increase until DOD
8.0 as the MBL thickens (due to enhanced turbulent mix-
ing) transferring DMS to higher altitudes. DMS concentra-
tions then slowly increase as sea-air flux increases (MSOR
reaches 1.1, quartiles 0.9 and 1.5).

The modeled atmospheric DMS concentrations are highly
dependent on the wind speed transfer velocity relationship
used to calculate the air sea exchange of DMS. The "Wan-
ninkhof” case shows a significant overprediction of atmo-
spheric DMS concentrations near the surface (Figure 9¢).
”Global OH” and "latitudinal DMS” parameterizations re-
sult in atmospheric DMS concentrations that are very simi-
lar to the reference case (Figure 9¢). Thus a latitudinal dis-
tribution already captures the essential feature of the seawa-
ter DMS distribution when following the LagB trajectory.
The MSOR is 1.0 for "global OH” case (quartiles 0.9 and
1.3) and 1.1 in the "latitudinal DMS” case (quartiles 0.9 and
1.2). The reference case, the “global OH” and "latitudinal
DMS” cases are nearly equal at the beginning of the LagB.
Concentrations move apart later in the day due to the un-
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derestimation of OH concentrations in the global approach.
Lower values of OH concentrations in “global OH” case
partly compensate for the underprediction of DMS emission
during flight 24, and thus the “global OH” case compares

09 13 17 21 01 05
N I O O OO

09 LDT
IR

16 20 006 UTC

20 060 64 08 12

Frroanssdisssenen: boaaanaan
o W B W
Seawater DMS (nM)

s

Wind speed (m/s)

i
oy

FIETITES FOVPeTes

DMS flux (umol/m2/d)

"

DMS (ppt)

DMS (ppt)

78 80 82 84 86 88 9.0
day of december 1995
Figure 9. (a) Time series of modeled wind speed at

the surface in m/s (dash-dotted line), DMS sea-ais-flux in
pmolm~24d~! (dashed line), and seawater DMS in nM
(solid line), along the LagB trajectory. Crosses are the sea-
water DMS concentrations observed aboard the R/V Discov-
erer on Dec 9, as the ship started moving southeast, one
day after the Lagrangian experiment started. (b) Time se-
ries of DMS concentrations in pptv during LagB. Compar-
ison between model results (lines) and aircraft observations
for the reference case at different altitudes: below 250 m
(solid line and crosses), and between 250 and 500 m (dotted
line and diamonds), between 500 and 1200 m (dashed line
and stars). Bars represent clouds incidence by levels (see
Figure 6). (c) Time series of DMS concentrations in pptv
during LagB. Comparison between model results (lines) and
aircraft observations below 250 m for different scenarios:
reference case (solid line), "Wanninkhof” case (dash-dotted
line), "latitudinal DMS” case (dotted line), and "global OH”
case (dashed line). (See also Suhre et al. [this issue, Figure
20D
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better to measurements than the reference case during this
period. During the night (DOD 8.4 to 8.8), when the chem-
ical loss by OH vanishes, the three simulated DMS concen-
trations tend to be close to each other. The MSOR in the
reference case is 0.9 (quartiles 0.8 and 1.0). Thus discrep-
ancies between “global OH”, "latitudinal DMS”, and refer-
ence cases are not very significant when following the LagB
air mass trajectory. However, there are other regions in the
modeling domain where the differences become important,
as will be discussed in section 5.

On the basis of the correct representation of the LagB tra-
jectory by the modeled tracer, we conclude that the dynami-
cal processes are well described by the model when looking
at the air mass from a Lagrangian point of view. Compar-
isons between measured and modeled DMS concentrations
show that the model tends to underestimate systematically
the observations by 10 to 25% in the well mixed layer near
the surface. A source of underestimation of atmospheric
DMS may be the uncertainties on DMS emissions due to
both fine scale variations of seawater DMS concentrations
and parameterization of transfer velocity. We discuss this
point below.

3.2. Comparison With the R/V Discoverer
Observations

Comparison with the ship DMS measurements is more
difficult as we now add the complication of an Eulerian ref-
erence frame which needs to account for advection.

3.2.1. Meteorological fields.  First, let us consider
meteorology, beginning with the simulation of cloud water.
Simulated clouds are responding to large-scale frontal pro-
cesses. From December 7 at 2100 UTC to December 9 at
0200 UTC, the ship was located approximately at the start-
ing point for the LagB experiment (45.5°S-144.1°E). Pic-
tures taken by the sky camera on the R/V Discoverer, ra-
diosondes launched from the ship, and GMS satellite data
showed scattered clouds over the ship after the front pas-
sage until Dec 7 at 2300 UTC, clear sky until Dec 8 at 0700
UTC, and overcast conditions for the remaining period. Fig-
ure 10 shows the temporal evolution of simulated cloud wa-
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Figure 10. Simulated cloud water mixing ratio in g/kg for
height between O and 12 km, along the R/V Discoverer tra-
jectory. Vertical distributions are displayed from December
7 at 2100 UTC to December 9 at 0200 UTC. Contours in-
tervals are 0., 0.05, 0.15, 0.25, 0.35, and 0.45 g/kg. Vertical
grid increment is 500 m below 2000 m and 5000 m above.
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Figure 11. Modeled wind direction and wind speed at 10
m, along the R/V Discoverer trajectory, from December 7 at
2100 to December 9 at 0200 UTC (solid lines). Diamonds
represent data from Discoverer. (a) Wind speed in m/s. (b)
Wind direction in degrees.

ter mixing ratios along the ship track from the surface to
12 km. Cloud cover is qualitatively predicted at the begin-
ning, followed by a clear-sky period. At night, MBL clouds
form, until December 8 1400 UTC (day 8.6). High-altitude
clouds are simulated from December 8 at 1200 UTC with
cloud base decreasing from 7000 m to 3000 m at the end
of LagB. According to radiosounding observations, clouds
were observed on December 8 at 1200 UTC at 6000 m. The
cloud base then decreased down to 3000 m on December
9 at 0000 UTC. Thus the model simulates the cloud cover
over the ship correctly. However, toward the end of the pe-
riod, high-altitude clouds are predicted at higher levels than
actually observed. -

The increase in wind speed and shift in wind direction as
observed at the end of the LagB period are captured by the
model as illustrated in Figure 11. Surface wind speed in-
creases from 4 m/s at DOD 8.1 to about 20 m/s on DOD
9.0. The model tends to overpredict wind speeds at the sur-
face with MSOR for wind speed equal to 1.3 (quartiles 1.1
and 1.4). Between DOD 8.0 and 8.2, however, the model
underestimates the observations by about 20%. Simulated
wind direction changes from northwesterly to northeasterly
in agreement with the observations ( MSOR is 1.0, quartiles
0.9 and 1.1). Major differences between observed and mod-
eled wind direction occur on DOD 8.0 (45°) and DOD 8.35
(40°).

3.2.2. DMS flux. Now, let us return to the considera-
tion of DMS fluxes. Although the model appears to capture
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Figure 12. Time series along the R/V Discoverer trajec-
tory from December 7 at 2100 to December 9 at 0200 UTC.
Precision of atmospheric and seawater DMS concentrations
measurements is == 8%. (a) Seawater DMS concentration in
nM in the mode! (solid line) and measured on board Discov-
erer {crosses). (b) Sea-air flux for reference case. Values are
given in pmolm ™2 d~*. Crosses are fluxes calculated from
measured seawater DMS and wind speed. Bars represent
clouds occurence by levels (see Figure 10). (¢) Atmospheric
DMS concentration in pptv for reference case (solid line),
“latitudinal DMS” case (dashed line), and "global OH” case
(dash-dotted line). Crosses are measured DMS concentra-
tions.

many important features of the meteorological variables ob-
served aboard Discoverer, it is unable to predict the hour-
to-hour variation of atmospheric DMS concentrations and
fluxes calculated from measurements. The predicted flux is
generally higher (MSOR is 1.5, quartiles 1.2 and 1.8) than
the DMS flux calculated from observed wind speed, DMS
seawater concentrations, and using LM86 [Bates et al., this
issue (b)] with the exception of DOD 8.0 to 8.2, when the
predicted flux was only 25% of the calculated flux (Figure
12). The lack of agreement in the calculated and predicted
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DMS fluxes is likely a result of the spatial heterogeneity in
DMS concentrations in this region. During LagB, the ship
was in an area of strong DMS gradients in both the atmo-
sphere and the ocean. Sharp gradients in salinity and SST
in the region 45.3°S — 46.0°S,145.0°E — 145.5°E indicate
the mixing of subantartic and polar water masses [Bates et
al., this issue (b)]. Comparison between measured seawater
DMS concentrations and seawater DMS actually used in the
model (MSOR is 1.2, quartiles 1. and 1.4) reveals a large
range of concentration from 1.3 nM to 4.7 nM for measured
concentrations (Figure 12a). Seawater DMS values intro-
duced in the model remain around 2.35 nM and represent an
average over all observations in that region. Observations
can be up to 50% higher or lower than the values used in
the model, which does not account for the heterogeneities
in the seawater DMS distribution that are beyond its spatial
resolution.

3.2.3. DMS temporal evolution. The atmospheric DMS
concentration measured at the ship is a function of the source
and sink terms occuring upwind of the ship during the previ-
ous 1-2 days. The concentrations measured at the ship dur-
ing the period DOD 7.7-9.1 are not consistent with a dom-
inant photochemical sink. Minimum DMS concentrations
are measured during nighttime when there is no oxidation by
OH. The discrepancies between the purely chemical and the
actual observed diurnal cycles of DMS are therefore dom-
inated by dynamical processes and sea-air flux rather than
photochemistry.

Atmospheric DMS measurements, taken at 17 m above
sea level, and model results, in the first level (10 m), both fall
within the range of 60-360 pptv. However, the model fails to
reproduce the timing of the changes in DMS concentration.
The limitation of the current mode] in interpreting hour-to-
hour DMS observations is partly due to the uncertainties in
parameterization of sea-to-air transfer velocity and subgrid-
scale variations of seawater DMS as discussed above.

An additional explanation for the difference between mod-
eled and observed DMS levels and temporal variation is the
influence of advection processes. Modeled DMS concentra-
tions fall from 300 pptv to 70 pptv in 2.4 hours at DOD 8.0.
A budget calculation for the grid cell containing the ship lo-
cation during this period shows a -263 pptv change in the
atmospheric DMS concentration due to advection which is
partly compensated by DMS emission (+48 pptv during the
period). Photochemical oxidation by OH induces a change
of -7 pptv which is well below the decrease due to advec-
tion terms. Similarly, between DOD 8.35 and 8.45, mod-
eled atmospheric DMS concentrations increase from 110 to
280 pptv. During nighttime, photochemical oxidation plays
a minor role with less than 2 pptv decrease in DMS concen-
trations during this 2.5 hour period. The sea-air flux term
induces a +42 pptv increase of DMS concentrations. Advec-
tion is the major process as it increases the DMS concentra-
tion by 84 pptv. Thus the dramatic changes in modeled DMS
concentrations during this period are a function of both the
air-sea exchange and advection.

The two sudden variations in modeled atmospheric DMS
concentrations occur when simulated and observed wind di-
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rection show the largest differences. On DOD 8.0, the sim-
ulated wind direction is 250° (southwesterly), whereas the
observed wind direction was 295° (northwesterly). Between
December 7 at 2000 UTC and December 8 at 0200 UTC, the
ship was located in a frontal region which was positioned
along a northwest southeast direction. Consequently, south-
westerly wind advects air from a zone of low DMS concen-
trations (less than 100 pptv) over the ship location. On the
contrary, northwesterly winds, as observed on the ship, ad-
vect DMS from a region with higher DMS concentrations
(more than 250 pptv). On DOD 8.3, the simulated wind
direction is 360° (northerly) whereas observed wind direc-
tion was 320° (northwesterly). Northern winds advect the
air mass from a rich DMS region toward the ship. North-
western winds would have advected this air mass eastward
at lower latitudes. The end result is a 40° difference between
the modeled and observed wind direction can lead to a net
difference in atmospheric DMS concentration as high as 150
pptv. Although a change in wind direction (advection) can
explain the sudden variations in modeled DMS concentra-
tions during this period, we have to acknowledge that the
variations in the sea-air flux of DMS can have a similarly
large effect. As discussed bove, DMS seawater concentra-
tions in this region varied from 1.3 to 4.7 nM. If we assume
a constant average wind speed upwind of the ship of 6 m/s
and an average DMS seawater concentration of 2.3 nM the
resulting flux, assuming LM86 wind speed-transfer velocity
relationship, would be 2.2 umolm™2 d~*. Substituting this
flux into the budget calculation described above results in a
change of +280 pptv due to DMS emissions which is essen-
tially equal to the change due to advection.

When model results are compared to Eulerian observa-
tions, one important consideration is that while the mesoscale
model is expected to simulate gross features of large scale
meteorological events reasonably well, the timing and loca-
tion of each event are not likely to be simulated accurately
[Liu et al., 1996]. The comparison between model results
and observations made on board R/V Discoverer demon-
strates that inaccuracies in the meteorological data govern-
ing the transport direction and location and time of events
inevitably lead to mismatch between the model and the ob-
servations [Benkovitz and Schwartz, 1997].

In conclusion, the budget calculation reveals that advec-
tion is a major factor in determining the DMS levels and
temporal variation at the location of the ship and during this
particular period. DMS emission appears to be the second
most important factor in determining DMS concentrations.

4. DMS Regional Distribution

In order to determine the interplay of the parameters con-
trolling atmospheric DMS concentrations at the mesoscale,
we now look at the overall regional impact of the main
processes such as the source flux (combination of seawa-
ter DMS and wind speed), the sink (oxidation by OH) and
transport (turbulence and advection) terms.

It is worth emphasizing that the ACE 1 sampling sit-
vations contain considerable midlatitude weather features.
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Figure 13. Horizontal distribution of "instantaneous” chem-
ical DMS lifetime in hours on (a) December 8 at 0200 UTC
and (b) December 9 at 0200 UTC. The increased lifetimes
in Figure 13b are a result of the more extensive high-level
clouds associated with the cold front which moved into the
area.

During the early hours of December 8, clear air eventuates
at most levels in the area of the LagB. Scattered low-level
clouds were observed in the Lagrangian area until December
9 when more extensive high-level clouds associated with the
cold front moved over the area (Figure 13). Airflow turned
from eastward to southeastward at the end of the simulated
period as a low moved southeastward off the Australian con-
tinent into the northern ACE 1 area (Plate 1c). This synoptic
cyclonic features influenced atmospheric DMS distribution
as discussed below.

Temporal evolution of atmospheric DMS concentrations
in Plate 1 shows a northwest/southeast structure of the field
on December 7 at 2000 UTC, becoming northsouth on De-
cember 9 at 0200 UTC. In this section, we point out the
complex interplay between mixing in the MBL, oxidation
by OH, and sea-air flux that can lead to such a change in
spatial distribution. We focus our attention on December 8
at 0800 UTC, December 8 at 1400 UTC and December 9 at
0200 UTC.

4.1. DMS Chemical Lifetime

In order to discuss the role of oxidation by OH, ”instan-
taneous” DMS chemical lifetime distributions are calculated
near the surface based on the box model derived OH concen-
trations. Because of our parameterization of OH, the DMS
lifetime strongly reflects the presence of clouds in the area.
Simulated clouds covered 30% of the entire domain on De-
cember 8 at 0200 UTC resulting in a mean “instantaneous”
lifetime of 13 hours (Figure 132). On December 9 at 0200
UTC, 53% of the sky was cloudy, with most of the clouds
located in the southeast portion of the domain. The result-
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Plate 1. Time evolution of sea-air flux, MBL height, and atmospheric DMS concentration from December
7 at 2000 UTC to December 9 at 0200 UTC every 6 hours. Positions of the ship (star), balloon number
0 (cross), and center of mass of modeled tracer (diamond) are superimposed on atmospheric DMS map.
Horizontal distributions are shown on the same domain as the DMS chemical lifetime in Figure 13. (a)
DMS sea-air flux in umol m™2 d~* calculated according to the LM86 parameterization of sea-air transfer

. velocity and the seawater DMS distribution shown in Figure 3. Solid lines represent surface wind speed

inm/s (at 10 m). (b) Marine boundary layer height in kilometers calculated in the model where turbulence
kinetic energy becomes lower then 0.01 m? s™2. Solid lines are atmospheric DMS concentrations in pptv.
(c) Atmospheric DMS concentrations in pptv at 10 m with normalized wind vectors at 10 m.
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ing “instantaneous” mean lifetime of DMS in the MBL is
25 hours (Figure 13b). Note that these values are calculated
during the early afternoon when the chemical loss is high
and thus the actual lifetime is approximately twice as long.
However, the calculated distributions illustrate that the DMS
chemical destruction rate can vary by a factor of 10 within
the model domain. Similarly, the DMS flux and MBL height
can vary by a factor of 10 and 20, respectively (Plate 1).

4.2. December 8 at 0800 UTC

On December 8 at 0800 UTC, a patch of atmospheric
DMS rich air is located south of Tasmania (44.5°S, 144°E).
DMS concentrations are greater than 250 pptv. There is no
evidence of an important local source. In this region, the
DMS flux is low (less than 4 pmolm™2d~*). The MBL
height is around 1 km. The slow DMS loss rate at this
time (sunset) is expected to partially explain the high DMS
concentrations but cannot explain the location of this max-
imum. Obviously, this maximum may have been advected

rom a region of higher DMS concentration located to the
north. Such region appears on December 7 at 2000 UTC
around (42°S, 140°E) Although seawater DMS concentra-
tions in this northern region are high, the DMS flux on De-
cember 7 at 2000 UTC is relatively low due to lower wind
speeds. However, the low MBL height (below 500 m) coun-
teracts the low flux and thus increases the atmospheric DMS
concentration near the surface. This region is then advected
southeastward toward the ship location.

4.3, December 8 at 1400 UTC

Additional evidence of advection can be identified on De-
cember 8 at 1400 UTC. A tongue of high atmospheric DMS
concentrations is located along a northwest/southeast axis
(49°S, 134°E and 52°S, 138°E). Along this axis, the DMS
flux is very low (less than 2 pmolm™2d™?%). The MBL
height is between 500 m and 1 km. Loss by oxidation is
slow (nighttime). An additional source of DMS appears to
be the southward advection from a region of high DMS con-
centrations. This region of DMS concentrations greater than
150 pptv is shown on December 8 at 0200 UTC. 1t is the re-
sult of a high DMS flux (more than 3 gmolm~2d~!) and
low DMS oxidation due to the presence of clouds. Note that
this region of maximum atmospheric DMS concentrations
corresponds to low seawater DMS concentrations.

4.4. December 9 at 0200 UTC

The modeled atmospheric DMS field on December 9 at
0200 (Plate 1) reveals a strong east-west gradient located at
140°E (more than 100 pptv in 80 km distance). The sea-
water DMS distribution, however, (Figure 4) is dominated
by a north-south gradient. Multiplication by the transfer ve-
locity hides this latitudinal distribution, and the DMS flux
more closely reflects the wind speed distribution near the
surface. The eastern part of the domain is thus characterized
by a high DMS flux (more than 4 pmolm™2? d~*). This ef-
fect is emphasized further by a low MBL height in this part
of the domain (between 500 m and 1 km). In addition to
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these two processes, a low chemical loss (DMS lifetime is
greater than 1 day) contributes to maintain high DMS con-
centrations. The region located west of longitude 140°E on
December 9 at 0200 is characterized by a higher chemical
loss rate (DMS lifetime lower than 24 hours). Furthermore,
clouds appear in the north leading to a higher MBL height
(higher than 2 km, whereas it is lower than 1.5 km to the
south). High MBL heights induce a more effective dilution
of the DMS and thus offset the effect of a strong DMS flux in
the same region. Finally, the combination of the north-south
gradients of MBL mixing and DMS flux creates a uniformly
DMS poor region west of longitude 140°E.

Thus we see that atmospheric DMS at the mesoscale is
a result of the complex interplay between emission, oxida-
tion, vertical mixing, and transport processes. These pro-
cesses are competitive and can counteract each other. All
these processes are “subgrid scale” to a global model with
a typical horizontal resolution of 2° to 6°. Thus they need
to be carefully parameterized, especially when deriving sul-
fate aerosol formation from the modeled DMS distribution.
A mesoscale model as presented here is appropriate to de-
velop and test such parameterizations as will be shown in
the following section.

5. Scaling up From the Mesoscale to the
Global Scale

Mesoscale models provide a mean to test common global
model assumptions such as coarse OH and DMS seawater
distributions. Model comparisons with the R/V Discoverer
observations showed that there were no significant differ-
ences between the "latitudinal DMS”, "global OH”, and ref-
erence cases. We now look at the atmospheric DMS dis-
tribution in the entire domain to see if there are some re-
gions where the differences are higher. Comparisons using
the “latitudinal DMS” and "global OH” distributions show a
relative difference in atmospheric DMS concentrations rang-
ing from -10 to 10% in 76% of the domain (including LagB
trajectory) on December 9 at 0200 UTC. However, in re-
gions where latitudinal seawater DMS concentrations are
20% lower than seawater DMS concentrations derived from
measurements, the “global OH” case (accounting for seawa-
ter DMS concentration fine structures) gives DMS concen-
trations 25% greater than the “latitudinal DMS” case. Dif-
ferences between the fluxes can reach +8 ymolm™2d~?,
leading to differences in atmospheric DMS concentrations
that can locally reach 100 pptv.

The effect of clouds on the OH parameterization induces
changes in the oxidation rate, as the hydroxyl radical con-
centration may substantially decrease. On December 9 at
0200 UTC, atmospheric DMS concentrations from reference
and “global OH” cases differ from -10 to +10% in 74% of
the domain. In a relatively cloud free region in the southwest
sector of the domain, OH concentrations derived from the
box model are about 60% higher than monthly and zonally
averaged OH concentrations. In this region, the reference
case gives atmospheric DMS concentrations more than 25%
lower than the "global OH” case. Similar results were ob-
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tained for December 8 at 0200 UTC. In summary, changes
in atmospheric DMS concentrations induced by the differ-
ent scenarios of chemical oxidation and sea-air flux are less
than 10% in the major part of the ACE 1 domain. Locally,
the difference can reach 25% under clear sky or when the
difference between averaged seawater DMS concentrations
and measured seawater DMS concentrations is greater than
20%.

To quantify the effect of spatial averaging in numeri-
cal model we evaluate what we call here the subgrid-scale
term. This strategy is adapted from the scaling-up technique
used to evaluate the contribution of eddy terms at mesoscale
[Bechtold et al., 1996] and to quantify the problem of spatial
averaging in photochemical models of the stratophere [Pyle
and Zavody., 1990].

Let [DMS],q, [OH], and [DMS] denote the concentrations
of seawater DMS, hydroxy! radical and atmospheric DMS,
ky the transfer velocity, and k the rate constant. Suppose
that X is the true value. The quantity X denotes the spatially
averaged values, that is, the values actually used by global
models. The quantity X’ is the fluctuation or departure from
the true value. Consider the sea-air flux, ke [DMS],q, and
the reaction rate k [OH][DMS]. The spatial average for
these terms is given by

KOHDMS, =
ky DMSlq =

x [OH DMS] -+

K[OH]DMSY
ky DMSle =+

1, DMST,

The term on the left we call the true rate. The first term on
the right is the rate which would be calculated in a global
model. The true rate and the global model rate are not, in
general, equal. The difference between the true rate and the
global model rate reveals the subgrid scale variations. For a
global model point of view, the subgrid scale term represents
the contribution of mesoscale variations to the true rate. In
order to evaluate this contribution, a spatial averaging is per-
formed on a box located over the Lagrangian trajectory start
point. The box is chosen to be 6° x 6° and 60 m high, close
to a global model grid {e.g., Feichter et al., 1996].

Using this approach, the calculated values of the subgrid-
scale term of sea-air flux are low, ranging from -0.5% on
December 7 at 2000 UTC to -4% on December 8 at 0800
UTC of the true rate. Thus, at that particular grid point, the
global model rate is greater than the true rate. Similarly, the
calculated subgrid-scale term for loss by OH is always neg-
ative, ranging from -2% (on December 8§ at 0800 UTC) to
-10% (on December 8 at 2000 UTC) of the true rate. Mov-
ing the box in several regions on the model domain gives
values for subgrid-scale term between -10 and +10%. Al-
though this contribution is not significant, it should not hide
the importance of the subgrid scale variability when studying
the sulfur cycle. Benkovitz et al. [1994] demonstrated that
a horizontal grid spacing of approximately 1° is required to
capture the spatial variability of the sulfate concentrations
over the central North Atlantic. The present work may be
used in the future to evaluate and develop subgrid-scale pa-
rameterizations of this variability for global scale models.

6. Conclusions

o

Atmospheric DMS concentrations were simulated with
a mesoscale model during the ACE 1 LagB expenment‘
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a tagged parcel of air released in the model. This strategy
involved a Lagrangian analysis of the Eulerian model output
at mesoscale. The model was found to correctly reproduce
the observed LagB trajectory. Furthermore, over 50% of
the model calculated atmospheric DMS concentrations were
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cal loss deduced from prescribed concentrations of OH de-
rived from a box model. In most case, the comparison shows
that the model tends to underestimate the DMS observations
in the marine boundary layer by 10 to 25%. The measured
and modeled atmospheric DMS concentrations were in clos-
est agreement when using the Liss and Merlivat {1986] sea-
air exchange parameterization. However, this conclusion is
based on the assumption that OH is the only significant DMS
oxidant. Any additional atmospheric DMS sink would re-
quire a higher DMS source from the ocean. We also ac-
knowledge that cloud transport may be underestimated in the
model. A more vigorous cloud transport also would require
a higher DMS source from the ocean.

Comparisons were also made in a Eulerian framework
with measurements from the R/V Discoverer. There was fair
agreement between observed and modeled wind and cloud
cover. Calculated DMS sea-air flux temporal evolution in
the model captures the essential features of calculated DMS
sea-air flux from observations. Although the model was able
to reproduce the range of measured atmospheric DMS con-
centrations, the model did not reproduce the hour-to-hour
DMS concentration variations most likely due to the strong
horizontal gradients of DMS in both the atmosphere and the
ocean.

Uncertainties in DMS emissions and advection processes
are the major sources of the discrepancy. In one case, 2 mi-
nor difference between the modeled and measured wind di-
rection (40°) was shown to induce very different modeled
and observed atmospheric DMS concentrations (1530 pptv).
The discrepancies between model results and shipboard ob-
servations emphasize the need to accurately represent dy-
namics (wind speed and direction) in mesoscale models in
order to interpret the observed DMS variations. Overall, the
present model was able to create atmospheric DMS concen-
trations without any other constraint than the observed sea-
water DMS concentration, box model derived OH concen-
trations and ECMWF analysis for lateral boundary values of
dynamical parameters. A better evaluation of the mode] will
require comparing model results with observations of DMS
oxidation products such as SOy and sulfate. Such a compari-
son will provide a more constrained evaluation of model pro-
cesses such as emission flux, oxidation rate, boundary layer
mixing and advection. Future work will add DMS oxidation
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products and aerosols into this 3-D framework (C. Mari et
al., manuscript in preparation, 1998). Aerosol microphysics,
chemistry, and optical measurements made during ACE 1
will then be used to test and validate mode] results.

On a regional scale, boundary layer DMS concentrations
were shown to be a complex interplay between dynamical
and physico-chemical processes. Wind direction and speed
were shown to be of particularly importance when studying
DMS spatial distributions because of the advective transport
of DMS rich air masses to regions where there were no im-
portant local sources. MBL thickness strongly influenced
DMS distributions and concentrations. Increases (or de-
creases) in the MBL height were shown to counteract the ef-
fect of DMS flux enhancement (or decrease) on atmospheric
DMS concentrations. Thus high temporal and spatial vari-
ability of atmospheric DMS concentrations can not be re-
lated to only local changes in sea-air fluxes or loss by OH
oxidation.

All these processes are “subgrid-scale” processes to global
models and need to be carefully represented. The mesoscale
model was used to compare common global mode! assump-
tions such as coarse OH and seawater DMS concentration
distributions. Comparisons were performed between two pa-
rameterizations of the hydroxyl radical (OH): box model de-
rived and seasonally and zonally averaged concentrations.
The results showed that average OH concentrations induced
differences in atmospheric DMS concentrations between -10
and +10%. Under clear-sky conditions, atmospheric DMS
concentrations varied by more than 25%. The mesoscale
model was also used to compare two seawater DMS distri-
butions: the first accounting for regional structures, based
on in situ measurements, the second following a latitudi-
nal variation. The fine structure in seawater DMS concen-
trations changed the atmospheric DMS concentrations by -
10 to +10% in most of the model domain. The difference
reached 25% when latitudinal seawater DMS concentrations
were 20% different from seawater DMS derived from mea-
surements. Finally, to estimate the effect of spatial averag-
ing, we calculated the subgrid-scale (mesoscale) variations
in a global model approach associated with loss by OH and
DMS sea-air flux. The results showed that during ACE 1,
subgrid-scale processes accounted for at most 10% of the
true rate. This result, however, is specific to ACE 1 time
and location. The present work may be used in the future to
evaluate and develop subgrid-scale parameterizations of this
variability for global scale models.
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